Abstract Bitter (T2R) and sweet (T1R) taste receptors have been implicated in sinonasal innate immunity and in the pathophysiology of chronic rhinosinusitis (CRS). Taste receptors are expressed on several sinonasal cell types including ciliated epithelial cells and solitary chemosensory cells. Bitter agonists released by pathogenic microbes elicit a T2R dependent signaling cascade which induces the release of bactericidal nitric oxide, increases mucociliary clearance, and promotes secretion of antimicrobial peptides. Genetic variation conferred by polymorphisms in T2R related genes is associated with differential CRS susceptibility, symptomatology and post-treatment outcomes. More recently, based on our understanding of T1R and T2R function, investigators have discovered novel potential therapeutics in T2R agonists and T1R antagonists. This review will discuss bitter and sweet taste receptor function in sinonasal immunity, explore the emerging diagnostic and therapeutic implications stemming from the most recent findings, and suggest directions for future research.
Introduction
Chronic rhinosinusitis (CRS) is a complex and heterogeneous syndrome with significant societal and financial burden. Affecting up to 16% of the United States population, healthcare costs total up to $13 billion per year. 1e3 Patients suffering from CRS often endorse poorer quality of life scores than patients with other chronic diseases like chronic obstructive pulmonary disease and congestive heart failure. 4 Outpatient visits for CRS account for more than 20% of antibiotic prescriptions, contributing to the concern for mounting antibiotic resistance. 5 Despite its impact on both a societal and individual level, the etiology of CRS remains incompletely understood. In recent years, research has focused on the interactions of host and environmental factors that determine susceptibility to CRS. These factors ultimately result in defective mucociliary clearance and are thought to include inflammatory, infectious and genetic components.
More recently, a growing body of literature has implicated a role for bitter and sweet taste receptors in sinonasal innate immunity and the genetically heritable dysfunction of these receptors is thought to contribute at least in part to the pathogenesis of CRS.
6e9 This review will discuss the role of bitter and sweet taste receptors in upper airway immunity, explore the most recent advances in our understanding of the role of taste receptors in diseases of upper airway inflammation, and summarize the emerging diagnostic and therapeutic implications based on these discoveries.
Bitter and sweet taste receptor function
Bitter and sweet taste perception The sense of taste in humans is mediated primarily by the perception of five basic taste modalities e salty, sour, umami, bitter and sweet. G protein-coupled receptors (GPCR), originally identified in taste bud type Ⅱ cells, govern oral bitter, umami, and sweet taste perception. 10, 11 Sweet compounds such as glucose, fructose and sucrose as well as multiple amino acids such as isoleucine, leucine, phenylalanine and glutamate are detected by heterodimeric complexes formed by members of the Taste Receptor Family 1 (T1R) subtypes 1, 2 and 3. 10, 12, 13 Similarly, bitter taste perception is mediated by a family of approximately 25 bitter taste receptors called Taste Receptor Family 2 (T2Rs), which respond to a variety of bitter compounds such as phenylthiocarbamide, denatonium benzoate, strychnine, quinine and caffeine. 14, 15 While some receptors are specifically activated by a narrow range of bitter substances, some members of the T2R family display a broad spectrum of activation, stimulated by a variety of bitter compounds sharing a similar moiety. 16 Bitter and sweet taste receptor signaling Despite activation by differing sensory modalities, T1R and T2R receptors share a common signaling pathway. Briefly, activation of T1R or T2R receptors by a bitter or sweet ligand triggers the detachment of the GPCR a-subunit from the b-and g-subunits that compose the remainder of the heterotrimeric protein. This triggers a downstream signaling cascade that involves activation of phospholipase C isoform b2 (PLCb2) that increases inositol 1,4,5-trisphosphate (IP 3 ) production. IP 3 triggers calcium (Ca 2þ ) release from the endoplasmic reticulum via stimulation of the IP 3 receptor. 17 Concurrent with this process, GPCR activation also activates phosphodiesterases (PDEs) which, via their reduction of cAMP levels, cause a decrease in protein kinase A (PKA) activity. When disinhibited, PKA inhibits the IP 3 receptor, thus removal of this inhibition further augments Ca 2þ efflux. 18 Ca 2þ activates the transient cation channel TRPM5 which via depolarization of the cell membrane activates voltage-gated sodium channels, generating an action potential that results in ATP release through the CALHM1 ion channel. This ATP release activates taste cell and sensory fiber receptors, propagating the transmission of taste sensation to the central nervous system.
18e21
Though originally thought to be limited to the oral and lingual surfaces, more recently bitter and sweet taste receptors have been discovered in many extra-oral tissues including the thyroid, brain, testes, fallopian tubes, pancreas and throughout both the respiratory and GI tracts. 22e26 The discovery of extra-oral taste receptors has led to further investigation of their physiological role beyond taste perception.
Bitter and sweet taste receptors in the upper airway
In the airway, bitter and sweet receptors are present on a variety of cell types and have been found to play a vital role in the innate immune defense against invading pathogens. Ciliated sinonasal epithelial cells are an essential component of the first line of defense in upper airway immunity. Effective mucociliary clearance (MCC) requires the coordinated ciliary driven movement of airway surface liquid, composed of mucus-trapped pathogenic organisms and debris, in order to maintain a healthy sinonasal tract. When MCC is impaired, stasis of sinonasal secretions and resultant local inflammation can occur, and these can be inciting factors in increasing susceptibility to bacterial infection and the development of sinusitis. Beyond their role in MCC, ciliated airway cells also function as a source of antimicrobial compounds including lactoferrins, defensins, lysozyme, reactive oxygen species, nitric oxide (NO) and several epithelialderived cytokines. These complementary immunoprotective mechanisms are triggered by the recognition of microbial pathogens, which occurs via activation of several receptor types. Tolllike receptors (TLRs) recognize conserved pathogenassociated molecular patterns including lipopolysaccharide (a component of gram-negative bacterial outer membranes), lipoteichoic acid (a constituent of gram-positive cell walls) and flagellin (found on motile organisms). 28 TLR activation elicits a downstream and gradual immune response generated by changes in gene expression, but this effect can take up to 12 hours. 32 In contrast, bitter taste receptors have been found to be able to recognize bacterial pathogens and elicit downstream responses within a matter of minutes and the mechanisms by which this response occurs in the sinonasal epithelium has been a topic of investigation for the past decade.
Taste receptors and ciliated epithelial cells After demonstrating that several T2Rs are expressed on motile cilia and their activation by bitter agonists elicits a Ca 2þ induced increase in ciliary beat frequency (CBF), investigators turned to identifying the bacterial components capable of acting as T2R ligands and characterizing the full spectrum of downstream effects after T2R activation. 33 T2R38, perhaps the most extensively studied isoform of the T2R family, provided a prototype from which we began to expand our understanding of the role of bitter taste receptors in sinonasal immunity.
T2R38 is expressed by ciliated sinonasal epithelial cells and has a ligandespecific response to bitter bacterial compounds known as acyl-homoserine lactones (AHLs). AHLs are released by gram-negative bacteria like Pseudomonas aeruginosa and function as quorum sensing molecules, enabling communication between bacterial organisms about microbial density, and encouraging the formation of antibacterial resistant biofilm communities once a critical mass is reached. 34e36 Quinolones are another example of quorum sensing molecules released by P. aeruginosa. 37 Detection of these quorum sensing molecules by bitter taste receptors provides a means of immunologic surveillance and the opportunity for the immune system to intervene to ward off invading pathogens.
The innate immune responses elicited via activation of T2R38 include Ca 2þ driven NO production. NO induces damage to the intracellular components of infectious microbes and, via its action on protein kinase G and guanylyl cyclase, increases CBF thereby increasing MCC (Fig. 1) . 8, 28, 38, 39 This increase in CBF accelerates the removal of mucus trapped bacteria and the dispersion of other antimicrobial compounds produced in response to bacterial pathogens. 28, 40 Though Fig. 1 T2R38-mediated regulation of sinonasal immunity. Bacterial species like P. aeruginosa release quorum sensing molecules like acyl-homoserine lactones (AHLs) and quinolones. These bitter microbial products activate T2R38 and elicit a local immune response via the canonical taste-signaling pathway. This response involves activation of PLCb2 and IP 3 production. IP 3 triggers the release of calcium (Ca 2þ ) from the endoplasmic reticulum (ER). Increase in intracellular Ca 2þ concentration activates nitric oxide (NO) formation via nitric oxide synthase (NOS). NO increases ciliary beat frequency via activation of protein kinase G and diffuses into the airway surface liquid to directly kill bacteria.
much of past research has focused on AHLs released by gramnegative bacteria, gram-negative bacteria make up only a subset of causative bacterial agents cultured from CRS patients. Hariri et al 41 sought to determine whether bacterial metabolites from other bacteria can serve as agonists to T2Rs. Using calcium based functional assays they found that a range of volatile bacterial metabolites including acetone, 2-butanone, 2-pentanone, 2-methylpropanal, g-butyrolactone, dimethylsuflide and methylmercaptan which are produced by several pathogens including Staphylococcus aureus, Pseudomonas aeruginosa, and Streptococcus pneumoniae, elicit a T2R dependent NO response. 42 T2R activation by Bacillus Cereus has also demonstrated a similar T2R dependent NO response. 38 These findings lend further credence to a broader role of T2Rs in microbial detection and local immune response. Beyond T2R38, recent studies have investigated other T2Rs including T2R4, -14 and -16 with similar findings of ubiquitous expression in human ciliated sinonasal epithelium and a bitter ligand-dependent, Ca 2þ mediated NO production. 41, 43 Taste receptors and solitary chemosensory cells Taste receptors in the upper airway are not limited to ciliated epithelial cells. Solitary chemosensory cells (SCCs) are rare, non-ciliated, epithelial cells that express both T1R2/3 sweet and T2R bitter receptors. Taste receptor expression on SCCs was first detected in mouse nasal mucosa. Stimulation of murine SCCs by bitter or sweet ligands elicited acetylcholine-mediated stimulation of the trigeminal nerve with resultant protective reflexes including decreased respiratory rate, presumably to decrease the inspiration of airborne pathogens, and the release of inflammatory antimicrobial mediators.
44e46 SCCs were found to be present in the human sinonasal tract at low density, accounting for approximately 1 in every 100 epithelial cells in the sinonasal cavity. 47, 48 Despite their rarity in number, SCCs play an important role in immune function mediated by taste receptor activation.
Bitter and sweet taste receptors present on SCCs act in an antagonistic manner to affect the innate immune response to inspired microbes (Fig. 2) . While T2R stimulation on ciliated epithelial cells elicits a Ca 2þ dependent NO response, stimulation of SCC T2Rs results in the propagation of Ca 2þ across gap junctions into ciliated cells triggering them to release AMPs including beta defensins 1 and 2 which are capable of permeabilizing bacterial cell membranes. 7, 44, 48 Conversely, stimulation of T1Rs by sweet compounds antagonizes the signal transduction of SCC T2Rs; the addition of glucose and sucrose to murine and human sinonasal epithelial cultures inhibits the denatonium induced Ca 2þ response and this inhibition is released with the addition of antagonists of the T1R2/3 receptors like lactisole and amiloride. 7,13,49e51 During pathogenic infection, microbes consume glucose for energy leading to a rapid depletion of airway mucus glucose. This reduction in glucose concentration interrupts the tonic activation of T1R2/3 which disinhibits the signal transduction and downstream effects of T2R activation, augmenting the immune response to microbial bitter products.
More recently SCCs have also been found to participate in innate mucosal immunity by releasing epithelial-derived cytokines involved in the type Ⅱ inflammatory cascade (Fig. 3) . SCCs are the predominant source of epithelial IL-25 which stimulates local group-2 innate lymphoid cells (ILC2s). 31, 52 Activated ILC-2s initiate a localized type 2 inflammatory response which includes massive secretion of the cytokine IL-13, which in a feed-forward loop induces SCC proliferation. 30, 31 To that end, SCCs are present in greater number in inflamed versus non-inflamed tissue, inducing higher levels of IL-25 production in a manner that is increased in the presence of IL-13 and decreased with steroid exposure. 30 The exact stimulus driving the initial release of IL-25 has yet to be determined.
Clinical relevance of genetic variation in taste receptor function
Due to a wide range of polymorphisms that modulate receptor function and sensitivity, genetic variation in T1R and T2R taste receptors manifest in a variety of ways, the most obvious being in individual preference or aversion to sweet or bitter tastants. More recently, genetic polymorphisms of bitter taste receptors have been implicated in CRS susceptibility, severity and outcomes.
Three single nucleotide polymorphisms (SNPs) in the gene that encodes T2R38, TAS2R38, confer two common haplotypes including the functional variant PAV (prolinealanine-valine) and the nonfunctional variant AVI (alaninevaline-isoleucine). Homozygotes for the functional allele (PAV/PAV) perceive T2R38 agonists like phenylthiocarbamide (PTC) and propylthiouracil as intensely bitter, while homozygotes for the non-functional allele (AVI/AVI) are unable to perceive these compounds. Heterozygotes (PAV/ AVI) demonstrate a wide range of bitter taste perception depending on the level of expression of the non-functional and functional alleles. 16, 53 Sinonasal epithelial cells cultured from AVI/AVI individuals compared to cells cultured from PAV/PAV individuals also demonstrate reduced NO release in response to AHL stimulation with a resultant decrease in CBF, MCC and bactericidal activity. Compared to PAV/PAV CRS patients, AVI/AVI patients also demonstrate increased susceptibility to upper respiratory infections caused by gram-negative organisms, increased burden of biofilm formation, and the presence of culturable bacteria in mucus isolated from sinonasal swabs. 8, 54, 55 T2R38 genotype also correlates with sinonasal symptomatology; AVI/AVI healthy adults and cystic fibrosis patients endorse poorer quality of life compared to their PAV/ PAV counterparts. AVI/AVI CRS patients demonstrate a greater degree of inflammation on computerized tomography imaging than PAV/PAV patients. Additionally, AVI homozygotes with CRS are more likely to require surgical intervention for medically recalcitrant sinusitis. Furthermore, PAV/PAV patients with non-polypoid CRS have better quality of life outcomes 6 months after sinus surgery when compared to heterozygotes and AVI homozygous patients. More recently, genome-wide association tests have identified other less well-studied bitter and sweet receptor genes that are associated with CRS including TAS2R13 and TAS2R49 suggesting that we have only begun to scratch the surface in our understanding of how taste related genes play a role in the pathogenesis of CRS. 61 
Diagnostic and therapeutic implications Diagnostic implications
Though differential genotypic classification of CRS patients is associated with differential disease susceptibility, symptomatology, and treatment outcomes, genotyping has limited ability to assess receptor phenotype or sensitivity. More recently, researchers have explored the use of oral taste sensitivity as a proxy for extra-oral taste receptor function and hypothesize that receptor sensitivity as assessed with a simple taste test can reveal differences in sinonasal mucosal immunity.
Indeed, increased sensitivity to PTC confers protection from frequent sinonasal infections in healthy patients and is associated with increased post-surgical quality of life and decreased in vitro biofilm burden in non-polypoid CRS. 54, 56, 60, 62 CRS patients also endorse lower taste intensity ratings for bitter compounds like denatonium benzoate (a T2R38 agonist) and quinine hydrochloride (a broad T2R agonist) compared to matched healthy controls. Additionally, compared to healthy controls CRS patients also rate T1R agonists like sucrose as higher in intensity, yet perceive salt at comparable intensity as non-CRS individuals. 63, 64 Taken together, these results suggest that CRS patients have hyporesponsive bitter taste receptors and hyperresponsive sweet taste receptors and thus have reduced ability to mount a T2R dependent sinonasal innate immune response upon exposure to pathogenic microbes.
Given that differences in taste sensitivities appear to portend corresponding functional differences in upper airway immune response, simple and affordable taste tests may be useful to stratify CRS patients in hopes of identifying those susceptible to severe disease who may fail medical therapy and require more aggressive treatment.
Therapeutic implications
Our understanding of the role of bitter and sweet taste receptors also has potential implications for novel therapeutic applications in the treatment of CRS. Recently, studies have turned to investigating compounds that harness the immunomodulatory mechanisms triggered by bitter and sweet taste receptors.
Bitter taste receptor agonists
Flavones are a subclass of secondary plant metabolites with antibacterial and inflammatory effects that augment the T2R response. Some flavones stimulate T2R14 eliciting a Ca 2þ dependent resultant increase in NO production and CBF. 41 Although alone flavones demonstrate only low-level antibacterial activity, they have been found to synergistically function against P. aeruginosa with antibiotics or recombinant human lysozyme by encouraging lysozymemediated bacterial lysis and enhancing the function of AMPs released by ciliated epithelial cells stimulated by other T2R agonists. 65 Flavones have already demonstrated therapeutic potential in several experiments. The flavonoid-based herbal extract mix Sinupretä and a similar flavonoid, Quercetin, have been found to enhance CBF upon apical application on cultured human and murine primary sinonasal epithelial cells. This effect maybe via increased airway surface liquid hydration, through a T2R mediated NO release, or a combination of the two mechanisms. Sinupretä has also demonstrated clinical efficacy in several randomized controlled trials as an adjunct therapy to antibiotics and decongestants in patients with rhinosinusitis perhaps through its action on T2R14.
66e69
Alkaloids represent another class of naturally occurring compounds with therapeutic potential. Recent work has investigated quinine, an alkaloid isolated from the bark of the cinchona tree, and its derivative chloroquine. Quinine and chloroquine are prototypical bitter compounds that share structural similarity with quinolones, the quorum sensing molecules released by P. aeruginosa. 37 They are broad T2R agonists with quinine activating nine T2Rs (T2R4, À7, À10, À14, À39, À40, À43, À44, and À46) and chloroquine activating five (T2R3, À7, À10, À14, and À39). 16, 70, 71 Like quinolones, quinine elicits a T2R-dependent NO release from ciliated sinonasal epithelial cells. 37 Similar to studies with T2R38 agonist phenylthiocarbamide (PTC), phenotypic differences in quinine taste perception reveal a correlation between reduced taste sensitivity to quinine and CRS disease status, suggesting that the reduced function of quinine-responsive T2Rs may play role in CRS susceptibility. 64 These differences are due at least in part to polymorphisms in a bitter receptor cluster on chromosome 12 where the gene encoding T2R14 is located. 72 While the immunomodulatory effects of these bitter agonists and their respective T2R responses are yet to be fully understood, preliminary findings suggest a potential role for bitter agonists as topical therapies in diseases of sinonasal inflammation.
Sweet taste receptor antagonists
Given that stimulation of sweet taste receptors attenuates the bitter taste receptor cascade in response to microbial pathogens, T1R antagonists may have potential as therapeutic adjuncts in the treatment of CRS. Sinonasal epithelial cultures isolated from mice who lack the T1R2/3 receptors show no inhibition of denatonium induced T2R response in the presence of T1R agonists sucrose and glucose. 7 The T1R mediated downregulation of the T2R SCC immunomodulatory response can also be blocked by the addition of T1R antagonists like lactisole and amiloride.
49e51 D-amino acids produced by some bacterial species including Staphylococcus can serve as T1R agonists increasing the chance of bacterial survival and propagation by impairing the host's T2R mediated immunologic surveillance and AMP release. Further studies are required to determine whether T1R antagonists can be useful adjuncts to treatment, especially in Staphylococcal driven CRS.
Future directions
To date, research on the role of bitter and sweet taste receptors indicates that variation in taste receptor genotype and phenotype plays a significant role in upper airway immunity. Though our understanding of how taste receptor dysfunction may contribute to the development of CRS has increased over the past decade, there are still many outstanding questions and opportunities for further research. Much of our understanding of T2R function comes from studying T2R38 and its ligands and future studies should focus on elucidating how as yet uncharacterized bitter and sweet taste receptor isoforms and their unidentified ligands contribute to CRS. Whether polymorphisms of these T1Rs and T2Rs reveal differential susceptibility to CRS will also be an important consideration. Uncovering the full spectrum of bitter and sweet taste receptors expressed in the sinonasal epithelium will allow us to identify potential combinations of T1R agonist and T2R antagonists that will harness the power of endogenous immune mechanisms to maximize therapeutic benefit, either as adjunct or alternative therapies for patients with CRS. Identifying how bitter and sweet agonists and other endogenous triggers affect IL-25 release from SCCs and the resultant downstream inflammatory cascade could reveal potential therapeutic targets for a subset of CRS patients with predominantly type Ⅱ inflammation. Clinically, inexpensive and simple taste testing with the appropriate bitter and sweet agonists at the most informative concentrations may enable detection of CRS patients most at risk of recalcitrant disease, and may inform a more personalized regimen of conventional, alternative, and surgical management of each patient's disease.
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